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Abstract

A simple electrochemical sensor based on a novel composite film consisting of

multi-walled carbon nanotubes (MWCNTs), a room temperature ionic liquid (RTIL)

of 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF6), and amino

functionalized graphene (GR-CO-NH-CH2-CH2-NH2) was constructed for the

detection of kanamycin. Firstly, MWCNTs-BMIMPF6 composites were fabricated on

the surface of a glass carbon electrode (GCE). The synergy mechanism between

MWCNTs and RTIL has been discussed. Secondly, GR-CO-NH-CH2-CH2-NH2 was

modified on the first film, which could greatly improve the conductivity of the

electrode. The structure of the resultant graphene oxide (GO) was confirmed by FTIR

and SEM. The properties of the aptasensor were characterized by the electrochemical

methods. Under the optimum conditions, the electrochemical aptasensor exhibited a

wide linear range for kanamycin from 0.001 to 100 μM with a low limit of detection

of 0.87 nM (S/N=3). The as-prepared aptasensor showed high sensitivity,

reproducibility and stability. Finally, the proposed electrochemical aptasensor was

successfully applied for the detection of kanamycin in a real sample.

Keywords: Aptasensor; Ionic liquid; Multi-walled carbon nanotubes; Graphene;

Kanamycin
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Introduction

Kanamycin is a kind of important aminoglycoside antibiotic1-3 produced by the

fermentation of streptomyces kanamyceticus4. It is widely used in veterinary

medicines to inhibit the growth of both Gram-positive and Gram-negative bacteria5,6.

However, kanamycin can be accumulated in human body through food chain, which

may result in serious side effects, such as loss of hearing, toxicity to the kidneys, and

allergic reactions to the drugs7-11. Therefore, it is critical to detect kanamycin in food

products in order to avoid exceeding intake of kanamycin12,13. European Union (EU)

has estabilished maximum residue limits (MRLs) for kanamycin in edible tissues and

milk: 100 μg kg−1 for meat, 600 μg kg−1 for liver, 2500 μg kg−1 for kidney, and 150 μg

kg−1 for milk.

Recently, many analytical methods, such as colorimetric technique14-18,

enzyme-linked immunosorbent assay (ELISA)19, chemiluminescence assay20,

fluorescence assay21-23 and electrochemical immunoassay24, have been reported for the

detection of kanamycin. Yu et al. 9, Zhao et al. 25 and Wei et al. 26 reported the

label-free immunosensors for the detection of residual kanamycin in animal derived

foods. Kitagawa et al. 27, Loomans et al. 28 and Jin et al. 29 reported the development

of the effective methods for determining kanamycin in serum or milk. The techniques

mentioned above can be used to detect residual kanamycin, while they are usually

time-consuming, complicated and expensive.

Recently, the most popular method for detecting kanamycin is ELISA30,31.

Although ELISA is a powerful tool for the detection of antibiotics in food, it involves
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numerous incubation, wash steps and expensive instruments32. In comparison with the

ELISA method, electrochemical aptasensor has attracted increasing research interest

due to its advantages of improved sensitivity, shortened analysis time, simplified

operations, low cost, high stability and reproducibility 33-35.

Aptamers, the synthetic single-stranded DNA or RNA molecules with specific

3D structures, are selected through systematic evolution of ligands by exponential

enrichment (SELEX) 4. They can recognize and bind to a variety of target molecules

including small molecules and organisms36-38. Aptamers have numerous advantages

over the traditional recognition elements, such as antibodies and enzymes39. Therefore

aptamers have provided the potential method for the fast and convenient detection of

the residual kanamycin.

To further improve the sensitivity of the sensor for kanamycin, the electrode has

been modified with the nanocomposites. Carbon nanotubes (CNTs)40-42 have been

widely used as the common nanomaterial for analytical applications. However, CNTs

tend to aggregate into entangled networks or packed ropes through strong π-π stacking

interactions42-44. Therefore, it is necessary to find an ideal media to improve the

dispersity of CNTs. It is found that CNTs could be easily untangled into much finer

bundles in RTIL40-42. Moreover, CNTs-IL composites45,46 have been widely used as an

effective load matrix which could enhance the current response significantly. At

present, the surface functionalization of GR 47 has been widely applied to modify the

electrodes and can avoid the agglomeration.
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In this work, a novel aptasensor for the detection of kanamycin was fabricated by

utilizing multi-walled carbon nanotubes (MWCNTs)-1-butyl-3-methylimidazolium

hexafluorophosphate (BMIMPF6) (MWCNTs-BMIMPF6) and amino functionalized

graphene (GR-CO-NH-CH2-CH2-NH2) as the matrix. MWCNTs-BMIMPF6

composites provided a smoothly conductive pathway for electron transfer, but there

are seldom reports about its application in electrochemical aptasensor to detect the

residual kanamycin. The as-prepared aptasensor showed a wide linear range for

kanamycin from 0.001 to 100 μM with a low detection limit of 0.87 nM (about 0.507

ng/mL). The prepared aptasensor showed high sensitivity, reproducibility and stability.

In this article, we performed a controlled trial by a reference ELISA method for

determining kanamycin in milk. In view of these merits, we reported a facile and

rapid electrochemical aptasensor and with low cost for sensitive detection of residual

kanamycin. Thus, the proposed electrochemical aptasensor may have potential

applications for detecting residual kanamycin in the field of food analysis.

2. Materials and methods

2.1. Materials

MWCNTs were obtained from Beijing Dekedaojin technology Co., Ltd. (China).

BMIMPF6 was obtained from Sigma-Aldrich (St. Louis, USA). Graphite was obtained

from Jingchun Co., Ltd. (Shanghai, China). Ethanediamine (En), EDC, NHS, chitosan

(CS), kanamycin sulfate, tryptamine, folic acid, DL-typtophan, glucose were

purchased from Aladdin Co. Ltd (Beijing, China). Kanamycin selective aptamer

modified with phosphate group at the 5’ position, namely
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5’-PO4-AGATGGGGGTTGAGGCTAAGCCGA-3’ was synthesized by Beijing

Genomics Institute (Beijing, China). All other chemicals were of analytical grade and

received from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Double

distilled water was used throughout the experiments.

2.2. Apparatus

CV and DPV measurements were performed with a CHI 760E electrochemical

workstation (Chenhua Instruments Co., Shanghai, China). EIS was carried out with

Zennium electrochemical workstation (Zahner, Germany). A three-electrode system

was consisted of a modified glassy carbon working electrode (GCE), a platinum wire

counter electrode and a KCl saturated Ag/AgCl reference electrode. All

electrochemical measurements were operated at RT. The FTIR spectrum was

measured on Nicolet Avatar 370 DTGS (Nicolet, USA). Scanning electron

micrographs (SEM) were obtained by a QUANTA PEG 250 microscope.

2.3. Synthesis of the graphene oxide

The graphene oxide (GO) was prepared based on a reported method48. Firstly, a

mixture of graphite powders and KMnO4 were added to a mixture of H2SO4 and

H3PO4 (v/v=9:1), which caused the temperature slightly increased to 35-40 ℃. Then

the mixture was heated to 50℃ and stirred overnight. The reaction was cooled to RT

and poured onto ice (400 mL) with 30% H2O2 (3 mL). After that, the mixture was

centrifuged at 4000 rpm for 20 min and the supernatant was decanted away. The solid

material was washed with HCl, ethanol, and ultrapure water until the pH of
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supernatant was neutral. The achieved graphite oxide was dried overnight. Graphite

oxide powder was dispersed in ultrapure water by ultrasonication for 1 h and

subsequently centrifuged for 15 min at 3000 rpm and dried overnight. GO was

synthesized successfully.

2.4. Fabrication of the aptasensor

GCE was polished with 0.3 and 0.05 m alumina powder and then washed

thoroughly with ethanol and ultrapure water. Then, 5  L of MWCNTs-BMIMPF6

composites were dropped onto the electrode surface. MWCNTs-BMIMPF6 composites

were prepared according to the literature42. Next, 5  L of GO/CS (VGO: VCS=4:1,

CGO=1 mg/mL) was deposited onto the MWCNTs-BMIMPF6 modified electrode

surface. Then the electrode was immersed in 1mL hydrazine and heated to 60℃ for 6

h. The electrode was rinsed thoroughly with 0.1 M phosphate buffer solution (PBS,

pH=7.4). GR/MWCNTs-BMIMPF6 modified electrode was obtained. Subsequently,

the modified electrode was carboxylated for 5 min at 1.5 V in PBS and then soaked in

EDC/NHS solution (pH=6) for 12 h to activate the introduced carboxyl groups of GR.

Then, the electrode was allowed to react with En (67 mg/mL) by covalent bind in

order to introduce the amino group into the GR-COOH/MWCNTs-BMIMPF6

electrode. The modified working electrode was immersed in PBS containing 1.628

μM kanamycin aptamer and 10 mM EDC/NHS for 6 h. Then the electrode was

washed several times with PBS to remove the unbound aptamer. Finally, the modified

electrode was incubated in a varying concentration of kanamycin solutions for 2 h.

The as-prepared electrodes were stored at 4℃ before used.
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2.5. Electrochemical measurements

All electrochemical measurements including CV, EIS and DPV were carried out

in a conventional three-electrode electrochemical cell. DPV was operated in 0.1 M

PBS (pH=7.4) containing 5.0 mM K3[Fe(CN)6] and 0.2 M KCl. EIS was recorded in

0.1 M PBS containing 0.2 M KCl and 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6]. DPV was

recorded within the potential range from -0.2 to +0.6 V with a modulation amplitude

of 0.05 V, a pulse width of 0.05 s and sample width of 0.0167 s.

3. Results and discussion

3.1. Scheme of electrochemical aptasensor

Scheme 1 displays the fabrication procedure of the proposed aptasensor. Firstly,

MWCNTs-BMIMPF6 was fabricated on the GCE surface, which combined the

advantages of MWCNTs and RTIL. Secondly, GO/CS was coated on the surface of

MWCNTs-BMIMPF6 followed by reduction with hydrazine to obtain a

GR/MWCNTs-BMIMPF6 coated electrode. Then, the modified electrode was

carboxylated for 5 min at 1.5 V. The obtained GR-COOH/MWCNTs-BMIMPF6

electrode was activated with EDC and NHS. Subsequently, En was immobilized onto

GR-COOH/MWCNTs-BMIMPF6 electrode surface by an amidation reaction between

the carboxyl groups of GR and the amino groups of En. Finally, kanamycin aptamer

was connected to the modified electrode through the formation of phosphoramidate

bond between the introduced amino group of GR and the phosphate group of the

aptamer at 5’ end49,50. Results showed that
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MWCNTs-BMIMPF6/GR-CO-NH-CH2-CH2-NH2 composites were successfully

designed as a sensitive aptasensor platform for kanamycin determination. In this

article, phosphoramidate bond, a kind of covalent bond, was applied to improve the

stability of aptasensor. It has a strong force similar to Au-NH5 or Au-S bond. They

have the potential application instead of the traditional Au-NH or Au-S bond due to its

low-cost.

Scheme 1 Schematic illustration of the aptasensor for the detection of kanamycin.

3.2. Characterization of GO

The obtained GO was characterized by FTIR spectra and SEM. As shown in Fig.

1A, compared with the FTIR spectrum of graphite (curve a), the specific peaks

appeared on the spectrum of GO (curve b), such as –OH (~3428 cm-1), C=O (1722

cm-1), C=C (1627 cm-1) and epoxy (1230, 1060 cm-1), which confirmed the successful

oxygen of the graphite and the presence of large amounts of carboxyl groups on the

surface of GO51,52. Furthermore, the SEM image further supplied the evidence of the
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surface morphology of GO (Fig. 1B). SEM micrograph proved that the synthesized

GO consisted of many cavities, stacked and crumpled flakes closely associated with

each other.

A B

Fig. 1 (A) FTIR spectrum of graphite (a) and GO (b). (B) SEM image of GO.

3.3. Electrochemical characterization of the modified electrodes

CV is an effective and convenient method for probing the feature of the different

electrodes. As shown in Fig. 2A, the bared GCE had a pair of redox peaks (curve a),

indicating a reversible electrochemical process. It is noticeable that the

MWCNTs-BMIMPF6 composites modified electrode caused larger redox peak

currents (curve c) than that of the MWCNTs modified electrode (curve b), which

indicated that the presence of BMIMPF6 could improve the dispersion of MWCNTs

and enhance the conductivity of the electrode. The introduction of

MWCNTs-BMIMPF6 could increase the effective area of the electrode. After

MWCNTs-BMIMPF6/GCE was modified with GR-COOH (curve d), there was a
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significantly increased current peaks in the CV curve, which indicated that GR greatly

promoted the electron transfer, due to its excellent electrical conductivity. Curve e and

f showed that En and aptamer were immobilized on the surfaces of the modified

electrodes. The aptamer/GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE

showed a weaker CV signal in contrast with the

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE, suggesting that aptamer

formed an isolating layer and blocked the electron transfer of the redox probe. After

the incubation with kanamycin, the formation of the aptamer-kanamycin complex

hindered the interfacial electron transfer to the modified electrode surface and resulted

in a further decrease in peak current (curve g). MWCNTs-BMIMPF6 composites

played an important role in enhancing the capability of electron transfer and the

introduction of GR-CO-NH-CH2-CH2-NH2 could bring about a sensitive electrode

substrate, which was believed to be a new idea for the construction of simple and

powerful electrochemical aptasensor.

EIS is one of the most powerful tools for studying the characteristics of the

modified electrodes. In order to gain insight into the fabrication process of the

aptasensor, Fig. 2B shows the Nyquist plots of different modified electrodes. In EIS,

the semicircle diameter equals the charge-transfer resistance (Rct). The EIS of the

bared GCE (curve a) showed a relatively larger resistance. It was easy to find that the

Rct of the MWCNTs/GCE (curve b) was higher than that of MWCNTs-BMIMPF6

modified GCE (curve c), suggesting the synergic effect of MWCNTs and BMIMPF6

could improve the electron transfer process on the surface of sensor. When
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GR-COOH was coated on the MWCNTs-BMIMPF6/GCE surface, a smaller electron

transfer resistance (curve d) was obtained, suggesting that GR-COOH could promote

the electrochemical response. When the

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6 nanocomposites were immobilized,

the resistance of the electrode increased remarkably (curve e), indicating that the

modified MWCNTs-BMIMPF6/GR-CO-NH-CH2-CH2-NH2 film hindered the electron

transfer. At last, the capture of aptamer and kanamycin molecules blocked the electron

exchange between the redox probe and the electrode, and led to further increase of

resistance (curve f and curve g). Results showed that the aptamer and kanamycin were

successively assembled onto the modified electrode surface. It was confirmed that the

EIS results were agreed with those of the CVs in Fig 2A.

Fig. 2 (A) CVs of (a) bare GCE; (b) MWCNTs/GCE; (c) MWCNTs-BMIMPF6/GCE;

(d) GR-COOH/MWCNTs-BMIMPF6/GCE; (e)

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE (f)

aptamer/GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE; (g)

kanamycin/aptamer/GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE; Scan

rate: 100 mV/s. (B) Nyquist diagrams of electrochemical impedance spectra recorded
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form 0.1 to 105 Hz. The modified electrodes are the same as (A).

To further confirm the above speculation, the electroactive surface areas (A) of

the four kinds of electrodes were calculated based on the Randles–Sevcik equation42:

Ip=2.65×105n3/2AD1/2υ1/2C

where Ip is the peak current, n is the transferring electron number, A is the

electroactive area (cm2), D is the diffusion coefficient, υ is the scan rate and C is the

concentration of the substrate. The diffusion coefficient of K3[Fe(CN)6]50 is 7.6×10−6

cm2 s−1. The calculated results are revealed in Table 1. Results showed that the

electroactive areas were calculated to be 0.0688 cm2, 0.291 cm2, 0.415 cm2 for GCE,

MWCNTs-BMIMPF6/GCE and

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE, respectively. The

electroactive surface area of the GR-CO-NH-CH2-CH2-NH2 deposited on the

MWCNTs-BMIMPF6/GCE was larger than that of other modified electrodes, which

further proved that A was increased obviously after electrode modification. MWCNTs

bundles could be considerably untangled within BMIMPF6, greatly increasing the

effective area of the electrode.

Table 1 The electroactive surface area (A) of different modified electrodes.

Electrode A(cm2)
GCE 0.0688

MWCNTs/GCE 0.184
MWCNTs-BMIMPF6/GCE 0.291

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE 0.415

3.4. Characteristics of the SEM

The morphologies of the different modified electrodes were characterized by
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SEM. As is shown in Fig. 3, MWCNTs were well distributed on the surface of the

GCE with the formation of much finer bundles in the presence of BMIMPF6 (Fig. 3a).

[BMIM+] (Fig. 4) consists of imidazole ring and alkyl chain. The imidazole ring

possesses a π-conjugated structure, and positive charge mainly localized in imidazole

ring42. π-Electron and cation in BMIMPF6 could interact with the π-electron in

MWCNTs. When the MWCNTs and BMIMPF6 were mixed, the high surface energy

of the detached MWCNTs was effectively appeased via strong π-π stacking

interactions and weak “cation–π” 53 interactions between the MWCNTs and BMIMPF6.

Thus, BMIMPF6 played an important role in dispersing MWCNTs. From Fig. 3b, the

SEM image reveals that the surface morphology of

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6 was significantly different from

that of MWCNTs-BMIMPF6 and bright regions could be obviously observed, which

suggested that GR-CO-NH-CH2-CH2-NH2 has been successfully modified on

MWCNTs-BMIMPF6 surface. After the immobilization of aptamer (Fig. 3c), irregular

structure appeared onto the GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6 surface

that confirmed the attachment of aptamer onto the modified electrode surface.

According to the SEM, it can be demonstrated that the modification of the electrode

was constructed successfully.
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Fig. 3 SEM images of (a) MWCNTs-BMIMPF6/GCE (b)

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE and (c)

aptamer/GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE.

Fig. 4 Structure of BMIMPF6.

3.5. Optimization of experimental conditions

In order to achieve maximum electrochemical response of the aptasensor,

experimental parameters were optimized in terms of the mass ratio of BMIMPF6 and

MWCNTs, the pH of PBS in the detection of kanamycin and the incubation time of

kanamycin. The mass ratio of BMIMPF6 and MWCNTs was investigated and the

corresponding results are shown in Fig. 5A. It’s obvious that the highest value of

electrochemical response was achieved at 1:0.08 among different ratios ranging from

1:0.04 to 1:0.12. When the ratio of BMIMPF6 and MWCNTs ranged from 1:0.04 to

1:0.12 with the increase of MWCNTs, more and more MWCNTs with good

conductivity enhanced the current signal. Further increasing the amount of MWCNTs,

namely the ratio of BMIMPF6 and MWCNTs beyond 1:0.08, the current signal

decreased on the contrary. Over the ratio of 1:0.08, MWCNTs were excessive and

could not be dispersed entirely in BMIMPF6. The reason was ascribed to the solvent

effect of IL. In the presence of BMIMPF6, MWCNTs were detached from the bundles

under the action of shear force and BMIMPF6 could keep the detached MWCNTs

from rebinding together again under the effect of shielding the π-π stacking
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interaction between MWCNTs. If there was too much BMIMPF6, the MWCNTs

could be wrapped up by BMIMPF6, so as to counteract the advantage of the

MWCNTs. Therefore, BMIMPF6 played an irreplaceable role in the process of

dispersing MWCNTs.

The effect of PH was investigated by recording DPV of the modified electrode in

PBS with PH values ranging from 6.2 to 8.2. As shown in Fig. 5B, the DPV response

continued to increase until pH was up to 7.4, and then decreased over pH 7.4. The

optimal current response was obtained at pH 7.4, indicating that the aptamer could not

combine well with kanamycin in strong acidic and alkaline solutions. Therefore, pH

7.4 was chosen as the optimal pH for determination of kanamycin.

The incubation time of kanamycin is an important parameter for the performance

of aptasensor to achieve maximized current signal. The relationship between the

sensor response and the incubation time is shown in Fig. 5C. The DPV signal

increased continually with increasing of the incubation time from 10 to 120 min and

was inclined to level off when the incubation time was 120 min because of the

saturation of the active sites for kanamycin binding. Thus, the incubation time of 120

min was chosen as an optimal condition for the determination of kanamycin.

Fig. 5 Effect of (a) the mass ratio of BMIMPF6 to MWCNTs on the CV peak current
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of the aptasensor; (b) the value of pH and (c) the incubation time of kanamycin on the

DPV peak current of the aptasensor.

3.6. Calibration curve of the aptasensor

Under the optimum conditions, the aptasensors were incubated in different

concentrations of kanamycin and the DPV responses of the proposed aptasensors were

recorded. As shown in the inset of Fig. 6, the DPV current decreased gradually with

increasing of kanamycin concentration. The corresponding calibration curve exhibited

a good linear relationship with kanamycin concentration over the range of 0.001-100

μM with the limit of detection of 0.87 nM (about 0.507 ng/mL) at a signal-to-noise

ratio of 3 (Fig. 6). The linear equation could be fitted as△I (µA)

=17.64519+3.46013c (µM) (R2=0.9992). The limit of detection of as-prepared

aptasensor is comparably highly sensitive to those of previously reported

oligonucleotide-based luminescent8 (83.3 ng/mL), gold-nanoparticle-based

colorimetric18 (15 ng/mL), ELISA28 (12.2 ng/mL) and aptasensor54 (5.2 ng/mL).

Results of the proposed aptasensor for kanamycin was compared with that of the other

reported methods in Table 2. The proposed aptasensor offered the advantages of wide

linear range, shortened analysis time, simplified operations with no need of expensive

instrumentation and consumption of large amount of reagent.
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Fig. 6 Calibration curve of DPV peak currents for different kanamycin concentrations

from 0.001 μM to 100 μM. The inset shows DPV responses of the electrochemical

aptasensor to different concentrations of kanamycin (from a to j: 0, 0.001, 0.5, 5, 10,

25, 50, 70, 85, 100 μM).

Table 2 Comparison of kanamycin determinations using the proposed method and

reference methods.

Methods Reagents or

condition

Linear

range

Detection

limit

Reference

Oligonucleotide-based

luminescent assay

Luminescent platimum

complex
0.2–150 μM 143 nM

8

Label-free cantilever

array sensor

Cantilever array

functionalization

100 μM-10

mM
50 μM 4

Colorimetric method Gold nanoparticle - 25 nM 18
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Label-free

immunosensor

Silver hybridized

mesoporous ferroferric

oxide

0.09-27 nM 0.03 nM 9

ELISA - - 4.15 nM 57

ELISA - - 21 nM 28

Label-free aptasensor
Functionalized

Aptamer

0.05 μM-9

μM
9.4±0.4 nM 54

Fluorescence detection
Fluorescence method

27 nM-67

μM

25.6 nM-

8.95 nM
56

Aptasensor detection
Gold nanoparticles

10 nM-

0.15μM
5.8 nM 58

Label-free

electrochemical

immmunosensor

Nanoporous gold
0.03 nM-24

nM
0.01 nM 25

Fluorescence

aptasensor

Upconversion

nanoparticles
0.03-3 nM 18 pM 5

Electrochemical

aptasensor

MWCNTs,

BMIMPF6, GR

0.001 μM-

100 μM
0.87 nM This work

Under optimum conditions, the proposed approach displayed high sensitivity for

the determination of kanamycin, which was attributed to five factors. (1) BMIMPF6

may not only be a good solvent but also improve the conductivity of electrochemical

aptasensor. (2) The excellent film-forming ability, adsorption capability and
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biocompatibility of CS might help the detection of kanamycin antibiotic. (3) The

stability of MWCNTs-BMIMPF6/GR-CO-NH-CH2-CH2-NH2 nanocomposites was

good and the aptamer could firmly be attached to the modified electrode surface

through the formation of phosphoramidate bond between the introduced amino groups

of the GR-CO-NH-CH2-CH2-NH2 and phosphate groups of the aptamer at 5’ end. (4)

The good electron transfer ability of MWCNTs and GR resulted in the

dual-amplification effects. (5) MWCNTs–BMIMPF6 composites were used as an

effective load matrix for the deposition of GR-CO-NH-CH2-CH2-NH2, which could

play a key role in improving the capability of electron transfer.

3.7. The reproducibility, repeatability, specificity and stability of the

aptasensor

To evaluate the reproducibility of the aptasensor, five electrodes were prepared

following the same procedure to determine a kanamycin solution of 5 μM. The

relative standard deviation (RSD) was 3.9%, indicating the good reproducibility of the

aptasensor.

To investigate the repeatability of the aptasensor, five electrodes were examined

under the same conditions. After using the five electrodes for 5 times continuously,

the RSD of 2.7% was observed, which indicated that the aptasensor had good

repeatability.

Specificity is an important criterion for aptasensors to detect kanamycin. The

current responses of the prepared aptasensor to kanamycin (5 μM), tryptamine, folic

acid, DL-typtophan, glucose, mixtures of kanamycin (5 μM) and interfering
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substances (10 μM) were studied. As shown in Fig. 7A, kanamycin showed a much

stronger current response (Fig. 7a), in addition, mixtures of kanamycin and

interference also showed a much stronger current response (Fig. 7f-i). Then, it was

observed that weak current response in the presence of these interferents (Fig. 7b-e),

indicating that kanamycin aptamer could only recognize kanamycin and could not

combine with other biomolecules. All those results confirmed that the developed

aptasensor had excellent selectivity.

To demonstrate the stability of the aptasensor, CV was measured for a 50-cycle

successive scan and a 2.37% deviation of initial current response was observed (Fig.

7B ), indicating that the fabricated aptasensor was sufficiently stable. To further test

the stability of the aptasensor, a series of five electrodes prepared under the same

conditions were utilized to detection 5 μM of kanamycin and stored at 4℃ before

used. Results showed that current responses of the aptasensor retained 93% of the

initial response after 2 weeks. The good stability of electrochemical aptasensor can be

ascribed to two reasons: firstly, some biocompatible materials such as CS and RTIL

had been introduced into the modified layers to improve the stability of the aptasensor.

Secondly, the aptamer could be attached firmly to the working electrode surface.
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Fig. 7 (A) DPV current responses of the aptaensor to kanamycin (a), interferents (b-e),

mixtures of kanamycin and interferents (f-i). Error bars are standard deviations across

three repetitive experiments. (B) Stability analysis of the aptasensor.

3.8. Determination of kanamycin in real samples

Although the prepared aptasensor displayed excellent selectivity towards

kanamycin, it is worthy to evaluate the feasibility of the proposed aptasensor in the

practical application. It has attracted considerable attention to detection of kanamycin

in milk. Milk is one of the most important regulated products in food industry due to

the risk of having veterinary medicine residue54,58. Milk was diluted ten times with

PBS. Then, kanamycin standard solution was spiked into the diluted milk to prepare

the concentrations of kanamycin of 0.8, 1.0, 2.0, 5.0, 8.0 ng/mL. Finally, experiments

were carried out under the optimized conditions. The calibration curve was obtained

and the linear regression equation was expressed as: △I (µA)= 21.0811+3.27153c

(µM) (R2=0.9987). The RSD was determined less than 3%. The detection limit of

kanamycin in the milk sample was determined to be 0.943 nM (about 0.549 ng/mL),

which was comparable or lower than the previously reported values28,54-56. Moreover,

the detection limit was much lower than the maximum residue level of kanamycin in

milk (150 ng/mL, about 257 nM) established by the European Union legislation. To

further investigate the practical application of the aptasensor, we performed a

controlled trial by a reference ELISA method. Results are listed in Table 3. It is found

that the relative deviation between the two methods ranged from -1.61% to 6.04%,

indicating that there is no significant difference between the electrochemical and
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ELISA method. The kanamycin concentration recovery was in the range of 92.15% to

105.99% with RSDs below 4.0% for the milk sample. The recovery values of the

electrochemical aptasensor were consistent with that of ELISA. This clearly

demonstrated that the developed sensor could be successfully applied to detect

kanamycin in milk sample.

Table 3 Comparison of kanamycin detection between the proposed aptasensor and

ELISA method in kanamycin-spiked milk samples.

Kanamycin
in milk
(ng/mL)

Electrochemical
detection

(ng/mL ± RSD%)

Recovery
(%)

ELISA
method
(ng/mL)

Relative
deviation

(%)
0.5 0.4812±2.91 96.24 0.49 -1.79
0.8 0.8479 ±2.78 105.99 0.81 4.68
1.0 0.9215 ± 3.57 92.15 0.9 2.39
5.0 4.8965 ± 3.09 97.93 4.8 2.01
8.0 8.3633 ± 2.52 104.54 8.5 -1.61

Conclusions

In this work, a simple and sensitive electrochemical aptasensor using

MWCNTs-BMIMPF6/GR-CO-NH-CH2-CH2-NH2 as a sensor platform to sequentially

immobilize kanamycin aptamer was successfully developed for kanamycin detection.

The proposed aptasensor offered several advantages: (1) MWCNTs-BMIMPF6

composites could increase the effective area of the electrode due to the synergy of the

MWCNTs and RTIL. (2) MWCNTs-BMIMPF6/GR-CO-NH-CH2-CH2-NH2

nanocomposites greatly improved the conductivity of the aptasensor. (3) The

electroactive surface area of the

GR-CO-NH-CH2-CH2-NH2/MWCNTs-BMIMPF6/GCE was larger than that of other

modified electrodes, which could enhance the immobilized quantity of kanamycin
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aptamer. (4) The electrochemical aptasensor exhibited a wide linear range for

kanamycin from 0.001 to 100 μM with a low detection limit of 0.87 nM, which

exhibited higher sensitivity. (5) We performed a further controlled trial by a reference

ELISA method in kanamycin-spiked milk samples. These data obtained using the

proposed aptasensor were in good agreement with those obtained by utilizing ELISA.

Under the optimized conditions, the proposed aptasensor showed high sensitivity,

reproducibility and stability. The presented aptasensor was demonstrated to be simple

and cost-efficient, which provided potential applications for kanamycin detection in

the field of food analysis.
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